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Hydrothermal Alteration Mineralogy of SOH drill holes, 
Kilauea East Rift Zone Geothermal Area, Hawaii

By Keith E. Bargar, Terry E. C. Keith, Frank A. Trusdell, 
S. Rene Evans, and Martha L. Sykes

ABSTRACT

Thirty-eight hydrothermal minerals were identified from 356 drill-core specimens 
that were obtained from three Scientific Observation Holes (SOH-1, SOH-2, and SOH-4) 
drilled along the lower East Rift Zone (ERZ) of Kilauea Volcano, Hawaii. The minerals 
formed during alteration of basaltic rocks and glass by hot, circulating, waters in aquifers 
consisting of variable mixtures of meteoric water and sea water. Several zeolites, 
hydrated calcium silicates, carbonates, clays, silicates, sulfates, sulfides, and other 
minerals were found filling open spaces of vesicles, fractures, and between breccia 
fragments of the recovered drill core; many specimens that originally consisted of glass 
are completely altered to some of these minerals, especially clays. Several hydrothermal 
minerals (erionite, mordenite, truscottite, smectite, chlorite-smectite, chalcedony, 
anhydrite, and hematite), occur in the SOH drill holes at higher measured temperatures 
than the same minerals are found in geothermal drill holes of Iceland or other geothermal 
areas, suggesting that temperatures within the ERZ geothermal system have increased 
since the minerals formed. Fluid-inclusion freezing data for quartz, anhydrite, and calcite 
from the three SOH holes show that composition of the inclusion fluids ranges from 
dilute meteoric water to highly modified sea water concentrated by boiling. Comparison 
of measured drill-hole temperatures with fluid-inclusion homogenization-temperature 
data indicates that only about 15% of the fluid inclusions could have formed under the 
present thermal conditions. The majority of fluid inclusions studied apparently formed 
during one or more temperature fluctuations associated with the emplacement of nearby 
dikes and their subsequent cooling.

Bacteria-like particles at 1734.6 m depth in SOH-4 could be very significant 
because the particles occurred at much hotter temperatures (about 265°C) than the 
generally accepted 110°C limit for survival of bacteria. The presence of Cl in the 
particles suggests that they might have lived in a saline environment and did not result 
from contamination by the fresh water drilling fluids. We reccomend that future drilling 
and subsequent handling of drill hole specimens in the ERZ and elsewhere employ 
controls to minimize and(or) recognize bacterial contamination.

INTRODUCTION

Kilauea Volcano is one of the most active volcanoes on earth; about 90% of the 
surface of this young, shield volcano is less than 1.1 ka (Holcomb, 1987). During much 
of Kilauea's recorded history, volcanic activity was largely confined within the caldera 
(Holcomb, 1987); however, since 1955, numerous eruptions have occurred along 
Kilauea's rift zone, especially on the East Rift Zone (ERZ) (Fig. 1) (Holcomb, 1987;



Figure 1 near here

Moore and Trusdell, 1991; Moore and Kauahikaua, 1993). Frequent volcanism in the 
ERZ sparked an interest in geothermal exploration more than thirty years ago 
(Macdonald, 1973). The potential for a significant geothermal resource, estimated to be 
in the 500 to 700 MWe range (Olson and others 1990), resulted in the completion of 
about a dozen geothermal exploration drill holes in this region since 1962 (Thomas, 
1987). However, drill core, which provides much valuable information about the ERZ 
geothermal system, previously was obtained only from portions of the HGP-A drill hole 
(Thomas, 1987) (Fig. 1). Limited drill core also was recovered from a deep research drill 
hole at the southern edge of the summit caldera of Kilauea Volcano (Fig. 1) (Zablocki 
and others, 1974; Keller and others, 1979; Tilling and Jones, in press).

To better understand the geochemistry, temperature and structural conditions of 
the ERZ geothermal resource and to monitor changes in the hydrothermal system, the 
Hawaii Natural Energy Institute of the University of Hawaii at Manoa drilled 3 additional 
Scientific Observation Holes SOH-1, SOH-2, and SOH-4 between 1989 and 1991 at 
respective surface elevations of 189, 86, and 364 m above mean sea level along the ERZ 
(Fig. 1) (Olson and Deymonaz, 1991; Novak and Evans, 1991; Thomas, and others, 1991; 
Evans and others, 1994). These coreholes succeeded in demonstrating that high 
temperatures (206.1°, 350.5°, and 306.1°C, respectively) are present at depths of 1,684, 
2,073, and 2,000 m along a substantial portion of the ERZ. In addition, the SOH-1 hole 
defined the northern boundary of the geothermal reservoir within which the HGP-A hole 
was drilled, and the SOH-4 drill hole suggests that a potential geothermal resource exists 
in an area previously not drilled (Olson and Deymonaz, 1992).

About 4,559 m of drill core were recovered from the 5,758 m penetrated by the 3 
SOH drill holes an average recovery rate of nearly 80 percent (Evans and others, 1994). 
In addition, a few rock chips were obtained from intervals where core was not recovered 
because of drilling problems (Olson and Deymonaz, 1992), and some cuttings samples 
were collected from the upper part of the SOH-2 hole (Evans, 1992). Stratigraphic 
columns for the SOH holes show an upper subaerial section and lower submarine 
deposits (Fig. 2). The subaerial sections consist mostly of a'a and pahoehoe basalt flows

Figure 2 near here

with occasional basalt dike and(or) sill intrusions and a few ash beds, while the 
submarine sections contain pillow basalts and hyaloclastites that are intruded by mafic 
dikes (Evans, 1992; Novak and Evans, 1991). The break between submarine and 
subaerial volcanic deposits occurs abruptly in drill hole SOH-1, marked by a carbonate 
unit containing marine fossils at 748-m depth (Novak and Evans, 1991). In drill hole 
SOH-2, the submarine/subaerial interface was not recovered, but it was inferred to be 
within the 520- to 580-m depth interval (Evans, 1992). Between 1623- and 1768-m depth 
in drill hole SOH-4, a thick zone of limestone (containing marine fossils, sandy 
carbonate, and conglomerate with water-rounded pebbles) is interspersed with subaerial 
basalt flows, submarine hyaloclastites, and volcaniclastic deposits (Novak and Evans, 
1991).



Recent articles provide a good review of the geology and hydrology of Kilauea 
Volcano and its geothermal system utilizing, in part, data from the SOH drill holes 
(Ingebritsen and Scholl, 1993; Kauahikaua, 1993; Moore and Kauahikaua, 1993; Moore 
and Trusdell, 1993). Results from the SOH drill holes also were included in a data set 
compiled to understand possible deleterious effects of the Hawaii Geothermal Project on 
the ground-water resources of the island of Hawaii (Sorey and Colvard, 1994).

Detailed stratigraphic columns have been published for drill holes SOH-2 (Evans, 
1992) and SOH-4 (Trusdell and others, 1992); in addition to the lithologic descriptions of 
the drill core, these studies also contain temperature data and show the location of 
hydrothermal alteration minerals within the drill holes. The mineral identifications were 
based partly on 123 X-ray diffraction (XRD) analyses.

The purpose of the present study was to investigate the chemical composition, 
morphology, paragenesis, and formation temperatures of hydrothermal alteration minerals 
from the SOH holes for comparison with alteration of other drill holes in the ERZ, as well 
as other geothermal areas. Accordingly, we completed 285 additional XRD analyses, 
which resulted in identification of several hydrothermal trace minerals previously 
unreported and in clarification of some of the published mineral (mostly clays and 
zeolites) identifications. We also obtained paragenetic data from binocular and 
petrographic microscope and scanning electron microscope (SEM) studies; in addition, 
the SEM work provided information on hydrothermal crystal morphologies. The 
composition of several of the hydrothermal mineral phases was determined by electron 
microprobe. Mineral-formation temperatures for quartz, calcite, and anhydrite, and 
salinities of the fluids from which these minerals precipitated was determined by 
heating/freezing analyses of fluid inclusions. A previous publication (Bargar, Keith, and 
Trusdell, 1995) reported results of the fluid-inclusion studies and provided some 
information on the hydrothermal minerals found in the SOH core specimens.

ANALYTICAL METHODS

Relying upon the logs and photographs of core from the three drill holes, we 
selected for additional study 356 core specimens (54 from SOH-1, 141 from SOH-2, and 
161 from SOH-4) that appear to be representative of the various types of alteration 
present in each of the drill holes; however, it should be noted that many of the boxes of 
drill core were not inspected. The sample subset from each drill hole was examined by 
binocular microscope and appropriate specimens were analyzed by XRD using a Norelco 
X-ray diffractometer (controlled by a Dapple computer-automation system) equipped

with a graphite monochrometer and utilizing Ni-filtered Cu-Koc radiation. Rock and 
mineral specimens were prepared as air-dried slurries on glass slides for analysis between

3° and 40° 20; selected zeolite and clay specimens were heated in a furnace at 450° or 
550°C and X-rayed a second time or were glycolated by placing the slides in an 
atmosphere of ethylene glycol at 60°C for 1 hour before re-X-raying.

Thirty-five hydrothermal-mineral specimens (1 from SOH-1, 12 from SOH-2, and 
22 from SOH-4) were gold-palladium coated and mounted in a Cambridge Stereoscan 
250 scanning electron microscope (SEM), equipped with an X-ray energy dispersive



spectrometer (EDS), to obtain detailed information on the morphology, paragenesis, and 
semiquantitative chemistry.

Quantitative analyses of a few selected hydrothermal minerals were obtained with 
an JEOL JXA-8900S/M/L electron probe microanalyzer using natural and synthetic 
mineral standards. Conditions employed for all carbon-coated, polished, thin-section 
minerals analyzed include: a sample current of 7.5 nA, a beam diameter of 20 jum, count 
times of 20 seconds, and an accelerating voltage of 15 kV.

Twenty-five doubly-polished thick sections (along with a few unpolished 
cleavage chips) of hydrothermal quartz, calcite, and anhydrite specimens were prepared 
from the three drill holes for determination of past subsurface temperatures and fluid 
salinities. Measurements of fluid-inclusion homogenization temperatures (TV) by heating 
and final melting-point temperatures (T ), determined by the freezing method (Roedder, 
1962), were made using a Linkam THM 600 heating/freezing stage and TMS 90 
temperature control system. Successive calibration runs, using synthetic fluid inclusions 
(Bodnar and Sterner, 1984) and chemical compounds with known melting points 
recommended in Roedder (1984), suggest that the accuracy of the homogenization 
temperature measurements should be within ±2.0°C and the final melting-point 
temperature values should be accurate to at least ±0.2°C. Salinities of the fluids trapped 
inside the fluid inclusions were calculated, in weight percent NaCl equivalent, by an 
equation given in Potter et al. (1978).
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HYDROTHERMAL MINERALOGY OF THE SOH DRILL CORES

SOH-1

Only a few hydrothermal alteration minerals were identified in the lower part of 
the subaerial section of the SOH-1 drill core by Novak and Evans (1991), who reported 
abundant blue staining (amorphous silica), considerable iron-oxide staining (limonite and 
hematite), smectite, gypsum, calcite, and a zeolite mineral coating fractures in the 
subaerial lava flows. In our study, only a single sample was collected from the subaerial 
section of the drill core (Fig. 3). XRD analysis of a yellow-orange powdery to clayey

Figure 3 near here

fracture coating showed only tiny (~0.1 mm) pyrite crystals and white, fibrous gypsum. 
The gypsum formed very late and may have been produced by oxidation of the pyrite, 
probably following core recovery because some gypsum needles coat the outer 
cylindrical cored surface of the specimen.



Novak and Evans (1991) found hydrothermal alteration minerals throughout the 
submarine part of SOH-1; fractures are coated by smectite, blue staining, pyrite, gypsum, 
and(or) calcite, and amygduloidal fillings of smectite, analcime, other zeolites, and opal. 
They also reported that the groundmass of pillow basalts and hyaloclastites is altered to 
smectite; breccias, consisting of pillow lava fragments, are cemented by anhydrite (Fig. 
4), and quartz crystals line open spaces (fractures, vesicles, or between breccia fragments)

Figure 4 near here

of core from the lower part of the drill hole.
In this study, all of the specimens collected from the submarine part of the SOH-1 

drill hole contain Fe-rich (also Mg and Ca in EDS) smectite alteration (Fig. 3). Smectite 
coats fractures, vesicles, and breccia fragments (Fig. 4) where the green to dark green 
clay mineral (some smectite deposits have a bluish to grayish, very thin smectite veneer) 
is usually the earliest-formed hydrothermal mineral. Dark green smectite also replaces 
basaltic glass, as well as phenocryst and groundmass mafic crystals of the pillow basalts. 
Tiny (<0.1 mm) pyrite crystals or clusters of crystals occasionally are associated with the 
green smectite; the smectite usually appears to form early, but, in a few cases, the pyrite 
may have formed earlier.

In several specimens from the lower part of the drill hole, thin, colorless or gray 
to white, botryoidal silica formed later than smectite. XRD analyses of these fracture and 
vesicle fillings usually show the presence of both cristobalite and chalcedony (a 
cryptocrystalline variety of quartz); however, either of these two minerals can be the sole 
component of some silica crusts. Occasionally, fracture and vesicle fillings also contain 
clusters of small, colorless or frosted, subhedral to euhedral quartz crystals that formed 
later than dark green smectite.

Colorless bladed crystals or occasional white nodules of anhydrite were deposited 
in open spaces of fractures and cavities in the lower part of the drill hole (Fig. 3). The 
anhydrite formed later than smectite (Fig. 4) in some deposits, but it appears to have 
precipitated before a second(?) smectite generation, cristobalite, and mordenite (Fig. 5).

Figure 5 near here

Fractures and cavities in several of the collected specimens contain traces of a 
soft, white mineral identified as calcite by XRD or by reaction with hydrochloric acid. 
XRD analyses show that aragonite is the predominant carbonate phase in two specimens 
from the upper part of the submarine section, but no aragonite was detected at depth (Fig. 
3). Both carbonates are fairly late deposits; calcite appears to have formed later than 
analcime in one fracture filling, but it is earlier than mordenite in other deposits.

Five zeolite (hydrous aluminosilicate) minerals analcime (NaAlSi2O6-H2O) , 
chabazite (CaAl2Si4O 12-6H2O), heulandite, [(Na,Ca)2 3Al3(Al,Si)2Si 13O36-12H2O] 
mordenite[(Ca,Na2,K2)Al2Si 10O24-7H2O], and phillipsite [(K,Na,Ca) 1 _2(Si,Al)gO 16 « 
6H2O] were identified in fractures and vesicles from the lower part of the drill hole

Selected mineral formulas in this text are from Fleischer and Mandarine (1991)



(Fig. 3), where these minerals typically formed later than most other associated 
hydrothermal minerals. These five minerals, along with several other zeolites, are 
reported as common constituents of altered tuffs and amygdule fillings on Oahu (Hay and 
lijima, 1968; lijima and Harada, 1969; Fujishima and Fan, 1977). These authors report a 
progressive change from K-rich zeolites to Ca + Na-rich zeolites to Na-rich zeolites that 
is attributed to compositional changes of the percolating groundwater. They also indicate 
that wind-blown salt increases the Na content of the groundwater and thus the abundance 
of Na-rich zeolites at shallow depths.

Radiating sprays of white to colorless, needle-like, Ca-rich ( Na was detected in 
EDS analysis of some specimens) mordenite crystals (Fig. 5), or of white, cottony, 
clusters of fibrous mordenite crystals, become more common in the deeper drill core 
specimens. Spherical clusters of colorless, tabular or bladed, Ca-rich heulandite crystals 
were only identified in two of the collected drill core specimens. The heulandite crystals 
are closely associated with mordenite, calcite, and smectite in vesicle fillings, but 
paragenetic relationships were not apparent. On the other hand, a good paragenetic 
sequence of smectite anhydrite analcime heulandite gyrolite

[NaCa 16(Si23Al)O60(OH)5 -15H2O] plus truscottite [(Ca,Mn+2) 14Si24O58 -2H2O] was 
observed for hydrothermal minerals filling open spaces in a breccia consisting of pillow 
fragments from 1,440-m depth. Analcime (Na>Ca>K in EDS) commonly occurs as 
colorless, subhedral to euhedral trapezohedral crystals (Fig. 6), but in a specimen from

Figure 6 near here

1,389-m depth, a near-vertical fracture is coated by (in order of paragenesis) green 
smectite; colorless, massive analcime; colorless calcite; white to colorless, bladed gyrolite 
and truscottite (Fig. 7); and later smectite. Smectite (±aragonite or gyrolite) also is

Figure 7 near here

associated with white to colorless, radiating clusters of twinned phillipsite (K>Na>Ca in 
EDS) crystals (Fig. 8) and colorless, tabular (phacolite?) chabazite (Ca-rich) in three of

Figure 8 near here

the collected specimens. The hydrated calcium silicate minerals gyrolite and truscottite 
are seldom reported from geothermal drill holes. Both minerals generally are associated 
with zeolites in basic igneous rocks (Juan and others, 1970; Merlino, 1988).

Fracture and vesicle fillings in some of the SOH-1 core specimens from the lower 
part of the drill hole may contain clusters of small, colorless or frosted, subhedral to 
euhedral, quartz crystals that formed later than dark green smectite.

Talc was identified by XRD along with truscottite, mordenite, and anhydrite in a 
pillow-basalt breccia specimen containing some unaltered glass from 1,583.1-m depth. 
In the Philippine Tongonan geothermal field, talc occurs at temperatures near 300°C 
(Leach and others, 1983). This occurrence of talc is the only indication found for

possible past high temperatures (>300°C) in core from the SOH-1 drill hole. Glass- 
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bearing fragments and other minerals identified, exclusive of talc, are consistent with the 
~175°C measured temperature at this depth in the SOH-1 drill hole. Undoubtedly, the 
talc-bearing basalt was exposed to an earlier episode of higher-temperature hydrothermal 
alteration. Later, the basalt was tectonically fragmented and one of the pieces containing 
talc was incorporated into the SOH-1 breccia.

SOH-2

In preliminary studies of drill cuttings and core from the SOH-2 drill hole, Evans 
(1992) reported that the subaerial part of this hole is composed mostly of fresh basalt 
(consisting predominantly of olivine and plagioclase), tephra, and glass. The only 
hydrothermal minerals Evans identified in this section of the drill hole are sparse calcite, 
anhydrite, and a blue veneer (smectite?) deposited on glass cuttings fragments. Below 
-520- to 580-m depth, the recovered core specimens from the submarine section become 
increasingly more altered and open spaces of vugs and fractures contain "gypsum, 
anhydrite, calcite, zeolites, pyrite, chalcopyrite, sphalerite, pyrrhotite, analcime, adularia, 
albite, sanidine, epidote, amorphous silica, and crystalline quartz" (Evans, 1992, p. 158).

For the present study, no specimens were collected from the subaerial section of 
the SOH-2 drill hole where measured temperatures were only about 32°C (Fig. 9).

Figure 9 near here

Nearly all of the collected specimens were from the lower half of the submarine section, 
where temperatures recorded during drilling ranged between about 100° and 350°C (Fig. 
9). Open-space fillings of colorless or white, fibrous, mordenite crystal clusters (see Fig. 
5) and subhedral to euhedral crystalline (Fig. 10) to massive analcime, along with one

Figure 10 near here

specimen of white, fibrous to cottony erionite [(K2,Ca,Na2)2Al4Si 14O36-15H2O] (Fig. 11)

Figure 11 near here

from 1,265.8-m depth, were the only zeolite minerals identified in samples collected from 
this drill hole. Erionite was tentatively identified in palagonite-altered tuffs on Oahu 
(Hay and lijima, 1968). Electron-microprobe analyses of SOH-2 analcime (Table 1)

Table 1 near here

show that the mineral contains only trace amounts of cations other than Na; in contrast, 
an analcime analysis from Oahu (lijima and Harada, 1969) is a little lower in SiO2 and 
Na2O and contains substantially more CaO. Electron-microprobe analyses of mordenite 
from SOH-2 contain large balance errors and are not reported here. Nonetheless, the 
results do show that the mordenite from this drill hole is high in silica content and 
contains nearly equal proportions of CaO and Na2O along with minor K^O, SrO, and 
BaO.

11



Vesicles at 1,265.5- and 1,363.1-m depth are filled by white, densely packed, 
radiating, fibrous, tobermorite crystal clusters (Fig. 9) along with later green smectite. 
XRD analysis also shows the presence of adularia and anhydrite, respectively in the two 
specimens. Tobermorite [Ca9Si 12O3Q(OH)64H2O] has a major (002) XRD reflection at 
11.4 to 11.5 A (Heller and Taylor, 1956) in specimens from the SOH-2 drill core. The 
zeolites and tobermorite precipitated later than most other hydrothermal minerals 
identified in this drill core. In drill core from Surtsey Volcano, Iceland, 12.5A and 14A 
forms of the mineral were found in addition to an 11.3A form (Jakobsson and Moore, 
1986). Another hydrated calcium silicate mineral, truscottite (see Fig. 7), occurs as 
rosettes of white bladed crystals filling vesicles in association with earlier green smectite 
and colorless to white analcime at 1,596.2-m depth (Fig. 9). Both tobermorite and 
truscottite were reported from specimens below the water table in the drill hole spudded 
at the summit of Kilauea (Keller and others, 1979).

White to colorless, bladed to tabular, anhydrite crystal clusters (Fig. 12) occur

Figure 12 near here

sporadically in the collected samples (Fig. 9). These crystals formed late in open spaces 
of fractures and vesicles and are sometimes associated with even later zeolite minerals. 
Very tiny, white masses of gypsum (not shown in Fig. 9) frequently were observed in the 
same specimens and probably formed by hydration of anhydrite. In a few samples, 
small, tabular, anhydrite crystals have a colorless core, but crystal edges are altered to an 
opaque white mineral that reacts with dilute hydrochloric acid. Calcite was identified in 
XRD analyses or by reaction with the dilute acid in several scattered core samples (Fig.
9).

Tiny (as large as 0.5 mm), colorless, euhedral adularia crystals (Fig. 13) (see

Figure 13 near here

microprobe analyses in Table 2) occur as open-space deposits of a few drill core

Table 2 near here

specimens between 1,252.4- and 1,838.7-m depth (Fig. 9). The adularia formed earlier 
than smectite in some cavities (Fig. 13), but it is usually a later mineral, indicating that 
there is more than one generation of smectite. An XRD analysis of a thin, colorless to 
white, fracture coating, at 1,437.1-m depth, shows the presence of smectite, quartz, and 
albite Fig. 9). A few albite crystals also were observed deeper in SOH-2 during SEM 
analyses (Fig. 14).

Figure 14 near here

The most abundant hydrothermal alteration minerals in the SOH-2 drill core 
specimens are the clay minerals. In general, these minerals also appear to be the earliest 
hydrothermal minerals, but tiny (<0.1 mm), pyrite crystals may have formed earlier in 
some deposits. Other sulfides (chalcopyrite, galena, pyrrhotite, and sphalerite) also
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appear to have formed early. Various shades of green clay coat or completely fill 
fractures, vesicles, and void spaces between breccia fragments; green clay minerals also 
replace glass, mafic phenocrysts, and groundmass minerals. Based on electron- 
microprobe analyses, the smectite-group mineral saponite is identified as the dominant 
clay mineral in core specimens from above 1,760-m depth (Table 3). The microprobe

Table 3 near here

analyses of two smectite specimens from SOH-2 show some variability in the chemistry, 
with Mg being the dominant cation in one sample and Fe most abundant in the second 
(Table 3). Most of the smectite deposits appear to consist of cobweb-like masses (Fig. 
13) or platy crystals Fig. 12) having sharp (well-crystallized) ~15A (001) XRD 
reflections that expand to ~17A following glycolation, and collapse to ~10A after 
overnight heating in a furnace.

A single core specimen from a depth of 1,503.9 m contains a white to pale green, 
waxy, fracture filling characterized by a 7.4A major XRD reflection, suggesting that the 
clay is a member of the kaolinite-serpentine group. EDS analysis showed the presence 
of Mg, Si, and Fe along with traces of Ca and Al.

Green, euhedral, hexagonal, chlorite crystals (Mg, Fe, Al, and Si in EDS) or 
books of crystals (Fig. 15) occur in the lower part of the drill hole. Below 1,760-m

Figure 15 near here

depth, chlorite is the predominant clay mineral; however, saponite occurs in occasional 
core specimens and randomly interstratified chlorite-smectite was frequently identified 
from XRD analyses (Fig. 9). Mixed-layer chlorite-smectite has in the past been referred 
to as "swelling chlorite" because it has an (001) reflection that varies from -14-14.5A and 
expands to -15-17A after ethylene glycol treatment. There is also a slight expansion of 
the ~7A reflection. Studies of chlorite-smectite specimens from Icelandic geothermal 
drill holes were subdivided into several types based on differences in XRD data 
(Kristmannsdottir, 1976); such detailed analyses were not made for this study even 
though substantial differences in the XRD data were noted. Electron-microprobe 
analyses of mixed-layer chlorite-smectite from 1,782.1-m depth (Table 3) shows 
compositional variability that presumably results from different proportions of smectite 
and chlorite.

Several XRD analyses of clay minerals from near the bottom of the SOH-2 drill 
hole also show the presence of minor talc and occasional actinolite/tremolite (Fig. 9). 
The talc results from alteration of olivine and(or) pyroxene phenocrysts and groundmass 
crystals. Microprobe analyses of talc from 2046.5-m depth shows a very high MgO 
content (Table 4) that would be expected from the alteration of a Mg-rich olivine

Table 4 near here

phenocryst. Tiny (<0.1 mm long), white (colorless, very pale yellow-green, or blue-green 
in index of refraction oil), fibrous (see Fig. 15), actinolite/tremolite deposits on a few 
fractures also may have formed during alteration of pyroxene. Two specimens collected

13



from the lower part of the drill hole contain radiating sprays of tiny, green, epidote 
crystals that formed earlier than chlorite at 1,842.8-m depth (Fig. 16A, B). These three

Figure 16 near here

minerals (talc, actinolite, and epidote), along with chlorite, are commonly associated with 
low-grade greenschist facies metamorphism (Phillips and Griffen, 1981). The three 
minerals occur at temperatures extending to slightly above 300°C in the Tongonan 
geothermal field, Philippines (Leach et al, 1983), as do the SOH-2 drill core specimens. 
Traces of two other high-temperature minerals, biotite (Figs. 17) and garnet (Fig. 18), 
also were identified from near the bottom of the SOH-2 drill hole (Fig. 9).

Figures 17 and 18 near here

White to bluish, botryoidal or massive chalcedony occurs in cavities and fractures 
of a few shallower core specimens collected for this study; however, tiny (usually <2 mm 
long), colorless, euhedral, quartz crystals are the more prevalent silica phase. The quartz 
generally formed later than the green clay minerals (smectite, chlorite, or chlorite- 
smectite) and pyrite, but traces of a later generation of green clay occasionally is perched 
on quartz crystals.

SOH-4

There appear to be two zeolite zones in the SOH-4 drill hole (Fig. 19). Tufts of 

Figure 19 near here

white, fibrous, mordenite crystals (see Fig. 5); colorless to frosted, tabular, heulandite 
crystals (Fig. 20); colorless, euhedral analcime crystals; and clusters of prismatic 
phillipsite crystals (Fig. 21) fill open spaces between depths of about 750 and 1250 m.

Figures 20, and 21 near here

The only zeolite open-space deposits identified in deeper drill core specimens are 
colorless to white, intergrown, subhedral to euhedral, trapezohedral analcime crystals 
(Fig. 22). No wairakite is present in the XRD analyses of several specimens; however,

Figure 22 near here

electron-microprobe analyses of analcime from 1563.9-m depth shows the presence of 
about 1 weight percent CaO (Table 1) indicateing that it is intermediate in composition 
between Na-rich analcime and Ca-rich wairakite. A complete solid-solution series exists 
between the two minerals (Gottardi and Galli, 1985).

Four calcium-silicate minerals [prehnite Ca2Al2Si3O 10(OH)2 , tobermorite, 
truscottite, and xonotlite Ca6Si6O 17(OH)2] occur as open-space deposits at the same 
depths as the lower analcime zone (Fig. 19). Tiny, blocky, euhedral, prehnite crystal
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clusters formed later than radiating sheets of smectite crystals and analcime and earlier 
than a thin, partial, smectite crust (Fig. 23). Colorless to frosted, radiating, needle-like,

Figure 23 near here

xonotlite crystals were observed in vesicle fillings or were identified from XRD analyses 
of a few specimens; an XRD analysis of vesicle fillings at 1,562.4-m depth shows the 
presence of tobermorite in addition to xonotlite. Five of the collected specimens contain 
fracture and vesicle fillings of white, bladed (sometimes radiating), hexagonal, truscottite 
(see Fig. 7) crystal clusters.

Possibly three additional calcium silicate minerals are closely associated with 
phillipsite in vugs at 744.5-m depth. Presently, none of these minerals have been 
identified; however, the EDS chemistry (Ca, K, Si) and crystal habit of one are suggestive 
of apophyllite (Fig. 24A and B). A fibrous, partial coating of the colorless, pyramidal,

Figure 24 near here

apophyllite(?) crystals in Fig. 24 consists of only Ca and Si (plus a trace of Al) in EDS. 
The third calcium silicate mineral (only Ca and Si in EDS) formed as botryoidal clusters 
of bladed crystals (Fig. 25).

Figure 25 near here

Vesicles, fractures, and open spaces between breccia fragments in the examined 
specimens often contain small amounts of calcite (Fig. 19). This colorless, white, or 
frosted mineral is usually found as blocky (up to 0.7 cm length) or bladed crystals that 
appear to have formed earlier than some of the zeolites, but it is later than smectite, 
chlorite-smectite, and quartz.

Except for the lowermost -100 m of drill core, smectite is present as an open- 
space filling, replacement of mafic phenocrysts, or groundmass alteration in nearly every 
drill core specimen collected from SOH-4 (Fig. 19). The green smectite is well 
crystallized with sharp XRD reflections and commonly displays a honeycomb-like 
morphology (Fig. 26). Chemical analysis of smectite from 1,734.6-m depth (Table 3)

Figure 26 near here

indicates that it is a Mg- and Fe-rich saponite. XRD characteristics for this smectite- 
group mineral are the same as was described above for smectite from the SOH-2 drill 
hole. While the smectite is usually an early mineral, SEM studies show that some 
smectite formed later than analcime, prehnite (see Fig. 22), quartz, and pyrite, indicating 
that more than one generation of the clay was deposited.

Randomly interstratified chlorite-smectite was identified by XRD (as described 
above for the SOH-2 drill core) in a few scattered specimens from the submarine deposits 
and the lower part of the subaerial section of SOH-4 (Fig. 19). The green mixed-layer 
clay mineral occurs in similar replacement and open-space deposits as does smectite; its 
EDS chemistry (Fe, Ca, Mg, Al, and Si) suggests a similarity to that of chlorite-smectite
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from SOH-2 (Table 3). In SEM studies, chlorite-smectite was observed to occur later 
than quartz and adularia, and chalcopyrite (Fig. 27), and it formed earlier than anhydrite.

Figure 27 near here

Small amounts of chlorite appear to be present in XRD analyses of both smectite 
and chlorite-smectite from the submarine section of SOH-4 (Fig. 19). The ~7A (002) 
chlorite (plus smectite or chlorite-smectite) reflection splits into two peaks following 
glycolation, but the ~14A (001) chlorite reflection is masked by reflections of other clay 
minerals.

Four silica minerals [opal, cristobalite (see Fig. 20), chalcedony, and quartz] were 
identified as open-space deposits in many of the SOH-4 drill hole specimens (Fig. 19). 
The first three minerals are found mostly above 1,250-m depth and are similar in 
appearance (white to frosted, botryoidal or horizontally deposited silica); however, they 
are readily distinguished by XRD. Quartz occurs primarily as tiny (<0.5 cm), colorless, 
euhedral or subhedral crystals that formed earlier (except in some green clay deposits) 
than associated hydrothermal minerals.

Colorless to white, euhedral, adularia (Fig. 28) and albite crystals (Fig. 29) were

Figures 28 and 29 near here

identified by XRD or SEM in fracture and vesicle fillings in a few specimens scattered 
through the lower half of the drill hole (Fig. 19). Both minerals appear to be closely 
associated with earlier quartz crystals and later smectite. Microprobe analyses of adularia 
and albite from SOH-4 samples are given in Table 2.

In Figure 29, there is a light to moderate dusting of later particles on top of the 
albite crystals. Most of the particles are clay or albite fragments, but some are similar in 
size and morphology to bacteria (Fig. 30). EDS analysis indicates that Cl is present in the

Figure 30 near here

collapsed-spherical or dish-shaped particles which suggests that the bacteria(?) lived in 
situ in the sea water pore fluids and may not be contamination. SEM and fluid inclusion 
studies of hydrothermal minerals in drill core from the Medicine Lake volcano 
geothermal area in northern California have yielded very similar bacteria-like particles 
(plus rod-shaped and branching, filamentous forms) trapped within (Bargar, 1992) or 
adhering to the crystal faces of hydrothermal minerals. Unfortunately, controls to permit 
recognition of bacterial contamination were not employed during drilling or subsequent 
handling of the drill core from either location. Even though we cannot determine if the 
bacteria-like particles are due to contamination or actually lived on the albite crystals, it 
would be highly significant if the particles from SOH-4 were not contaminants because 
the measured temperature at the depth (1,734.6 m) where these particles occur is about 
265°C. Presently, about 110°C is the highest temperature at which bacteria are known for 
certain to survive (Huber etal., 1989); however, some studies (Baross and Deming, 1983) 
have suggested that temperature limits above 250°C might be possible. The implication 
that thermophilic bacteria could have lived at high temperatures in the pore fluids
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penetrated by the SOH-4 drill hole is mentioned here in order to alert others to the 
possibility of such occurrence, in the hope that strict controls to eliminate bacterial 
contamination might be employed in future drilling operations.

Colorless to white, blocky or tabular, anhydrite crystals were identified in several 
open-space fillings, mostly from the submarine section of the drill hole (Fig. 19). The 
anhydrite formed later than most other associated hydrothermal minerals; however, a few 
specimens contain still later, needle-like or fibrous, gypsum (not listed in Fig. 19) crystals 
which may originate owing to hydration of anhydrite.

Tiny, cubic, pyrite crystals (Fig. 31) were observed in several of the specimens

Figure 31 near here

collected from the lower part of the subaerial section of SOH-4 (Fig. 19). Most pyrite 
occurs as open-space fillings, but a few core samples contain disseminated pyrite crystals. 
One fracture surface at 1,281.5-m depth is lined by several bronze, hexagonal crystals 
that were identified as pyrrhotite by XRD and SEM (Fig. 32). The fracture surface also

Figure 32 near here

contains later smectite and calcite, as well as quartz and gypsum. Five open-space 
fillings near the bottom of the drill hole contain tiny (-0.1 to 0.2 mm), subhedral, reddish, 
tarnished, chalcopyrite (Cu, Fe, S in EDS) crystals. The chalcopyrite appears to be an 
early hydrothermal mineral; from SEM studies it apparently formed earlier than actinolite 
and chlorite-smectite (see Fig. 27).

Mafic minerals in several core samples from the subaerial part of the drill hole are 
altered to green and red clay. XRD analyses for two of these clay specimens indicate that 
the red alteration consists of hematite. A few mafic minerals (olivine?) and one cavity 
filling in the submarine section are partly altered to talc (Fig. 19).

Traces of an amphibole phase were tentatively identified as actinolite/tremolite in 
two core specimens from near the bottom of the drill hole (Fig. 19). One XRD analysis 
of smectite from 1,917.5-m depth shows reflections for an amphibole. Also, SEM studies 
of hydrothermal minerals from 1,935.8-m depth also show a fibrous mineral associated 
with earlier chalcopyrite (see Fig. 27), quartz, and chlorite-smectite (Fig. 33). EDS

Figure 33 near here

semiquantitative analysis of two different specimens from this sample depth suggest that 
the mineral might be tremolite; however, there appear to be variations in the chemistry of 
the fibrous mineral (Ca, Mg, Si for one analysis and Mg, Fe, Ca, Al, and Si for the other).

One brecciated core specimen from 1,971.3-m depth contains tiny, green, 
euhedral, epidote crystals along with later quartz (Fig. 34), and chlorite-smectite; adularia

Figure 34 near here

and chalcopyrite also are present in this core sample. The epidote consists primarily of 
Ca, Fe, Al, Si in an EDS analysis.
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FLUID-INCLUSION DATA

SOH-1
Fluid inclusions were located only in one anhydrite specimen from 1,526.8-m 

depth. Fourteen T^ measurements for these liquid-rich, secondary fluid inclusions are 
between 157° and 161 °C, which are only slightly higher than the present measured 
temperature at this depth (Fig. 35). The Ti values also are within the range reported

Figure 35 near here

below for one quartz crystal from deeper in this drill hole. A single T measurement 
obtained for anhydrite indicates a lower salinity (2.2 weight percent NaCl equivalent) 
than for the deeper hydrothermal quartz crystal which appears to have trapped sea water 
(Table 5); probably the anhydrite precipitated from a mixture of sea water and meteoric

Table 5 near here

water that percolated down through the volcano.

One quartz crystal from 1,654.9-m depth has very tiny (-5-10 \i), secondary, fluid 
inclusions. Homogenization temperature values for 9 of these liquid-rich fluid inclusions 
range between 155° and 171°C (Fig. 35 and Table 5). The fluid inclusions have a eutectic 
temperature (T ) of ~-22°C indicating that the fluid is a NaCl solution (Shepherd and 
others, 1985); freezing studies show that the liquid trapped inside the fluid inclusions has 
a salinity of about 3.4 or 3.6 weight percent NaCl equivalent which is nearly the same as 
the salinity of sea water (Williams, 1962).

SOH-2
Fluid-inclusion heating and freezing data were obtained for quartz specimens 

from 5 depths in the SOH-2 drill hole (Table 5). Minimum Tu values for the upper 4 
quartz specimens plot about 8° to 14°C below the measured temperatures at the sample 
depths, and maximum T^ measurements are nearly coincident with the measured 
temperatures for 3 of the 4 sample depths (Fig. 36). This data suggests that the fluids 
trapped within

Figure 36 near here

the fluid inclusions at these 4 sample depths very likely are representative of the present- 
day geothermal waters. Further, it appears that this thermal water is slightly hotter than 
when healing began along fractures containing the liquid-rich, secondary fluid inclusions. 
Salinities, calculated from Tm data for these fluid inclusions (Table 5), indicate that the 
water within the fluid inclusions probably consists either of sea water or sea water diluted 
to varying degrees by meteoric water.

Fluid-inclusion data for the deepest quartz specimen, where the measured 
temperature is very close to the theoretical reference boiling point curve (Fig. 36), is more
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difficult to understand. The T^ values range from about 17° to 59°C cooler than the 
measured temperature at the sample depth. Most of the fluid inclusions are liquid-rich, 
secondary or pseudosecondary(?) inclusions (Fig. 37A) that are estimated to contain 
about 10 to 20 volume % vapor; however, rare vapor or vapor-rich fluid inclusions (Fig. 
37B) were observed. The presence of vapor and vapor-rich fluid inclusions may indicate

Figure 37 near here

that boiling took place at some time during or following precipitation of the quartz 
crystal. Boiling could not be confirmed during heating studies because Tu measurements 
were only obtained for the liquid-rich fluid inclusions, and the vapor and vapor-rich 
inclusions observed do not appear to be coeval with the liquid-rich inclusions. However, 
boiling is definitely indicated by freezing studies, which showed some of the liquid-rich 
fluid inclusions to have salinities as high as 13.7 wt. % NaCl equivalent (Fig. 38), or

Figure 38 near here

nearly four times greater than the salinity of sea water. Such concentrated salinities could 
exist in these fluid inclusions only if the trapped fluid is composed of sea water (or sea 
water mixed with meteoric water) that has been heated to the boiling point (Shepherd and 
others, 1985).

A wide range of salinities for fluid inclusions in quartz crystals from near the 
bottom of SOH-2 (Table 5 and Fig. 39) indicates that the fluid inclusions trapped

Figure 39 near here

geothermal waters consisting of different proportions of meteoric water and sea water. 
Furthermore, the inclusions could not have been produced from the present geothermal 
waters. Instead, these fluid inclusions must have formed from water that boiled at a 
significantly lower temperature than the present measured temperature at some time 
during the past history of Kilauea volcano.

SOH-4
Fluid-inclusion heating and freezing analyses were obtained for two calcite 

specimens from the SOH-4 drill hole (Fig. 40). In the shallower sample, the liquid-rich,

Figure 40 near here

secondary, fluid inclusions trapped meteoric water (Tm=0). T^ values range between 9° 
and 22°C higher than the measured temperature (Fig. 40, Table 5), suggesting that 
temperatures once were higher than the present-day temperature at this depth. The lower 
measured temperature may be due to continued influx of cool meteoric water. 
Conversely, at 1,886.4-m depth, the liquid-rich, secondary, fluid inclusions in calcite 
(Fig. 41 A) have T^ values that are 25° to 44°C lower than the measured temperature for

Figure 41 near here
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this depth (Fig. 40). These T^ measurements are nearly coincident with fluid-inclusion 
Ti values for quartz from the same sample depth. The colorless, euhedral quartz crystals, 
and probably also the fluid inclusions in quartz, formed earlier than the colorless, blocky, 
calcite crystals. The distribution of calcite fluid inclusion Ti values suggest that the fluid 
inclusions could have formed either during a cooling trend, or during subsequent heating 
that may have led to the current temperature at this depth. The calcite fluid inclusions 
have T values (Table 5) suggesting that the fluid inclusions trapped sea water, whereas 
higher Tm measurements indicate that quartz fluid inclusions trapped a mixture of sea 
water and meteoric water. Thus, even though the quartz fluid inclusions and some of the 
calcite fluid inclusions have the same Ti values, fluid inclusions in these two minerals 
could not have formed at the same time.

The above interpretations do not consider the possible effects of stretching or 
leakage of the calcite fluid inclusions. Studies have shown that shape and size of fluid 
inclusions in soft, easily cleavable minerals, such as calcite, can be altered by increases in 
temperature or pressure, and T^ values of the stretched fluid inclusions would increase 
accordingly (Prezbindowski and Larese, 1987). For this study, no attempt was made to 
determine whether or not the calcite fluid inclusions had been deformed. Even if some 
deformation did occur owing to heating following formation of the fluid inclusions, the 
interpretations given above, with regard to the T^ values of the calcite fluid inclusions 
and past temperatures, would not be changed.

Anhydrite is another soft, cleavable mineral in which fluid inclusions (Fig. 4IB) 
might be affected by leakage or stretching. Again, other than recognition of the potential 
problem, no attempt was made to determine if deformation owing to overheating of the 
fluid inclusions in anhydrite utilized in this study had occurred. As with the calcite fluid 
inclusion data, the interpretation of the anhydrite fluid inclusion data would not be 
substantially different even if some inaccuracies in the reported Tt values were found to 
occur because of leakage or stretching.

Temperature and salinity data were obtained for liquid-rich, secondary fluid 
inclusions in anhydrite from depths of 1,452.4 and 1,472.5 m. The anhydrite fluid- 
inclusion T^ measurements range from 11 °C below to 64°C above the present-day 
temperatures (Fig. 40, Table 5). The T^ values for both sample depths suggest that past 
temperatures have been substantially higher than the measured temperature, and that at 
one time the temperature at this depth was even cooler than at present. The few T 
values obtained for these fluid inclusions indicate that the trapped liquid consists mostly 
of meteoric water (Table 5).

Ti values for liquid-rich, secondary fluid inclusions in anhydrite (Fig. 4IB) from 
1,771.7-m depth are 58° to 68°C lower than the measured temperature at this depth (Fig. 
40, Table 5). This fluid inclusion data and the data for calcite fluid inclusions from 
1,886.4-m depth (discussed above) both suggest that the temperature at these depths is 
substantially hotter than when the fluid inclusions formed. Only one T value was 
obtained for anhydrite fluid inclusions. The trapped liquid in this fluid inclusion appears 
to be slightly more saline than sea water, although no evidence for boiling (vapor-rich 
fluid inclusions) was observed.
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Fluid-inclusion TL measurements were made for hydrothermal quartz crystals 
from six depths in the SOH-4 drill hole (Table 5) (Th data for depths of 1,959.7, 1,969.9, 
and 1,973.9 m were combined in Fig. 40). The quartz T^ values range from 7° to 51°C 
below the measured temperature curve (Fig. 40). The majority of these fluid inclusions 
are liquid-rich, and appear to be secondary or pseudosecondary; however, at 1,959.7-m 
depth several vapor-rich fluid inclusions occur (Fig. 41C). T^ values for these vapor-rich 
fluid inclusions were not obtained because the volume of the vapor very gradually 
increased and the exact temperature during heating at which all of the liquid disappeared 
could not be distinguished. Even though the liquid-rich and vapor-rich fluid inclusions 
were not determined to be coeval, the vapor-rich inclusions probably indicate that boiling 
occurred at this depth. Most of the Tm measurements for the quartz fluid inclusions from 
this drill hole suggest mixing of meteoric water and sea water, but the salinity of the 
liquid trapped within some of the fluid inclusions at 1,959.7-m depth (Table 5) is 
substantially greater than that of sea water; this also indicates that boiling probably 
occurred. If true, boiling took place sometime in the past when the fluid temperature as 
indicated by the TL measurements exceeded a theoretical reference boiling point curve 
(dotted curve in Fig. 40) originating at an altitude as much as 1 km lower than the present 
ground surface.

DISCUSSION AND CONCLUSIONS

Table 6 lists the hydrothermal minerals identified in this study of core specimens 

Table 6 near here

from the three Kilauea SOH drill holes. Many of these minerals previously were 
reported from earlier drill holes in the Kilauea ERZ (Stone and Fan, 1978; Waibel, 1983; 
Thomas, 1987), as well as prior reports on the SOH drill holes (Novak and Evans, 1991; 
Evans, 1992; Trusdell and others, 1992; Evans and others, 1994). However, several 
additional hydrothermal minerals were identified for the first time during this detailed 
investigation of selected drill core samples.

Abundant data have been compiled on hydrothermal alteration of drill hole 
specimens from geothermal areas of Iceland (see partial listing in Table 6). The Icelandic 
geothermal studies are applicable to Hawaiian geothermal systems because: (1) both 
areas consist of basaltic lavas with similar permeabilities, (2) both systems encountered 
the same degree of heating, (3) they are both intruded by seawater mixed in varying 
amounts with meteoric water, (4) the two systems produced similar suites of 
hydrothermal alteration minerals, and (5) they both have experienced prograde and 
retrograde metamorphism owing to periods of volcanic activity with intervening periods 
of cooler temperatures (Tomasson and Kristmannsdottir, 1972).

During studies of Icelandic geothermal systems, apparent formation temperatures 
for many hydrothermal minerals were recorded (Table 6). With some exceptions, most of 
the hydrothermal minerals identified from the three SOH drill holes appear to have 
precipitated at temperatures near that at which these minerals were deposited in Icelandic 
and other geothermal areas (Table 6). Gypsum occurs in at least two of the drill holes at
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depths where the rock temperatures are far hotter than the temperature range (<70 °C) at 
which gypsum forms (Holland and Malinin, 1979). Most likely, the gypsum precipitated 
during or following retrieval of the drill core at the surface due to hydration of anhydrite 
with which it commonly is found. Erionite, tobermorite, and truscottite occur at 
significantly higher temperatures than drill-hole specimens from Iceland or other areas; 
this discrepency may be only an apparent one because the minerals are rarely reported. 
However, chalcedony, smectite, and mixed-layer chlorite-smectite all occur in the SOH 
drill holes at temperatures as high as 350°C (Table 6). In the drill holes from Iceland and 
other areas, these minerals are believed to have precipitated at temperatures below 240°C. 
Mordenite, talc, anhydrite, and hematite also are present at somewhat higher temperatures 
in SOH-2 than elsewhere. Therefore, we conclude that temperatures of the rocks 
penetrated by the SOH drill holes have increased subsequent to the formation of several 
hydrothermal minerals. Previous investigations of hydrothermal alteration in the ERZ 
have reached similar conclusions. Waibel (1983) observed similar discrepencies between 
the temperatures at which a few hydrothermal minerals from the HGP-A drill hole (see 
location in Fig. 1) occur and the temperatures at which the same minerals formed in 
Icelandic and other geothermal areas. Similarly, a comparison of temperatures at which 
hydrothermal minerals (particularly anhydrite) were found in HGP-A and several other 
nearby drill holes in the ERZ suggested to Thomas (1987, p. 1517) that one possible 
explanation might be that "the part of the rift penetrated by these wells has undergone a 
complex history of heating and cooling associated with successive episodes of magmatic 
intrusions and subsequent cooling by hydrothermal circulation".

The fluid-inclusion studies conducted for this investigation also show that there 
have been past fluctuations in temperatures of fluids contained in the rocks penetrated by 
the SOH drill holes. Homogenization temperature measurements for quartz crystals from 
four depths in the SOH-2 drill hole straddle the measured temperature curve for this drill 
hole (Fig. 9). It seems probable that these fluid inclusions formed from the present 
temperature conditions within the drill hole. A few anhydrite and calcite specimens from 
the SOH-1 and SOH-4 drill holes have T^ values that are substantially higher than the 
measured temperatures. The measurements suggest that past temperatures at these depths 
have been a few degrees to several tens of degrees hotter and subsequently cooled to the 
present temperatures. Additional anhydrite and calcite samples from the SOH-4 drill hole 
along with the remaining quartz specimens from all three drill holes have fluid inclusion 
T^ measurements that plot below the present measured temperature curve indicating that 
past temperatures also have been cooler.

Melting-point temperature measurements show that the water trapped within the 
SOH fluid inclusions ranges from pure meteoric water to sea water. Sea water trapped 
within fluid inclusions from the bottom of SOH-2 and SOH-4 must have boiled. T 
measurements for fluid inclusions in quartz crystals from these depths (Table 5) indicate 
that the amount of dissolved salts within some fluid inclusions exceeds that of sea water; 
such high salinities undoubtedly were produced by boiling. In addition, a few of the fluid 
inclusions are single-phase vapor or vapor plus small amounts of liquid, which also 
characterizes boiling conditions. If boiling did occur at these depths, the conditions that 
would be used to construct a reference boiling-point with depth curve must have been 
very different from the present-day thermal regime. The simplest explanation would be 
for these fluid inclusions to have formed at an earlier time when the elevation of the
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ground surface in the ERZ was on the order of one kilometer lower than its current 
altitude. However, Kilauea is a very dynamic volcano, and the precise explanation 
probably is much more complex. In addition to extensive volcamsm, recent studies have 
shown that subsidence (Moore and Thomas, 1988; Ludwig etal, 1991) and giant 
submarine landslides (Moore et al., 1989; Moore et al., 1994a, 1994b) have substantially 
influenced the size and shape of the Kilauea Volcano.
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1. Map showing the location of three SOH geothermal drill holes and the earlier HGP- 
A drill hole on the East Rift Zone of Kilauea volcano, Hawaii.
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2. Cross-section showing the depth (in feet) of the subaerial/submarine boundary in 
the three SOH drill holes (from Evans and others, 1994).
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3. Distribution of hydrothermal alteration minerals with depth in the SOH-1 drill hole 
based on the studies of 54 collected core specimens. Temperature measurements 
with depth curve is shown by + symbols (Olson and Deymonaz, 1992; Novak and 
Evans, 1991).

Depth (m)
o in
CM

O 
O 
CM

o

o
<D W
i_ ^^
3 *- 
CO
o os. ?
E
CO

I 
O

subaerial
o 
o 
m

submarine
o 
o 
o

o 
o 
m

Talc
Pyrite
Anhydrite
Qua rtz+Chalcedony
Cristobalite
Smectite
Calcite
Aragonite
Truscottite
Gyrolite
Phillipsite
Mordenite
Heulandite
Chabazite

Analcime

30



4. Photomicrograph of basalt breccia fragments cemented by colorless to white
anhydrite (An) at 1,409.2-m depth in the SOH-1 drill hole. A thin rim of dark green 
smectite (Sm) borders each fragment.
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5. Scanning electron micrograph (scale on all SEM's is given in the lower left corner) 
showing a paragenetic sequence of hydrothermal minerals coating a fracture at 
1,612.2-m depth in SOH-1. A colorless, tabular anhydrite (An) crystal contains 
successively later hydrothermal deposits of: white to frosted, spherical clusters of 
bladed cristobalite (Cr) crystals (XRD also shows the presence of chalcedony); dark 
green, honeycomb-appearing deposits of smectite (Sm), and white, fibrous 
mordenite (M).
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6. Scanning electron micrograph showing subhedral analcime crystals with a light 
dusting of smectite filling a vesicle at 948.9-m depth in SOH-1.
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7. Scanning electron micrograph showing suhedral, tabular truscottite (Tr) along with 
later(?) platy gyrolite (Gy), and still later smectite (Sm) coating a fracture at 
1,388.6-m depth in SOH-1.
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8. Scanning electron micrograph showing white to colorless, twinned phillipsite with 
"core-bit" termination crystals coating vesicles at 934.5-m depth in SOH-1 along 
with earlier spherical clusters of platy, green smectite crystals.
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9. Distribution of hydrothermal alteration minerals with depth in the SOH-2 drill hole 
based on investigations of 141 collected core specimens. Temperature 
measurements with depth curve is shown by + symbols (Evans, 1992). Evans 
(1992) also presented a lithologic log and showed the distribution of hydrothermal 
alteration minerals identified at that time.
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10. Scanning electron micrograph showing a vesicle filling of colorless, euhedral to 
subhedral, trapezohedral analcime crystals from 1,421-m depth in SOH-2. Some 
analcime crystals appear to have a light coating of smectite (arrow).
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11. Scanning electron micrograph showing a fracture coating from 1,265.5-m depth in 
SOH-2 that consists of white, fibrous, erionite crystals deposited on a colorless, 
tabular, anhydrite crystal.

38



12. Scanning electron micrograph of colorless, tabular and lamellar, anhydrite crystals 
and later dark green, honeycomb clusters of smectite crystals deposited in spaces 
between anhydrite cemented breccia fragments at 1,537.8-m depth in SOH-2.
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13. Scanning electron micrograph of colorless, euhedral to subhedral (some are
twinned), adularia crystals and later cobweb-like deposits of green smectite that fill 
open spaces in basalt at 1,459.2-m depth in SOH-2.
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14. Scanning electron micrograph of colorless plagioclase crystals and a later dusting of 
smectite filling vesicles at 1,595.8-m depth in SOH-2
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15. Scanning electron micrograph of pale green, fibrous, actinolite/tremolite(?) crystals 
and later clusters or books of green, hexagonal, chlorite crystals deposited on a 
fracture surface at 2,019.4-m depth in SOH-2.
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16. Scanning electron micrographs showing: A. Radiating spray of light green,
euhedral, acicular, epidote crystals deposited on a fracture in vesicular basalt from 
1,842.8-m depth in SOH-2. B. Closer view of epidote crystals in A. showing a 
partial coating of later dark green, chlorite.
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17. Scanning electron micrograph showing platy biotite crystals deposited in open 
space between earlier quartz crystals that line a fracture in basalt from 1,938.8-m 
depth in SOH-2.
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18. Scanning electron micrograph of orange, subhedral, garnet crystals deposited on a 
fracture at 1,918.4-m depth in SOH-2 along with later tiny platelets of green 
chlorite and white, fibrous actinolite/tremolite(?). Pale green, prismatic, epidote 
crystals (arrow) may have formed earlier than garnet.
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19. Distribution of hydrothermal alteration minerals with depth in the SOH-4 drill hole 
compiled from analyses of 161 core specimens. Trusdell and others. (1992) 
presented a lithologic log of core from the drill hole; they included a profile of the 
measured temperatures and showed the distribution of hydrothermal minerals 
identified at that time. The measured temperature with depth curve for this drill 
hole (shown by + symbols) also was given in Novak and Evans (1991) and Olson 
and Deymonaz( 1992).
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20. Scanning electron micrograph of colorless, euhedral to subhedral, tabular,
heulandite crystals deposited in open spaces at 951.0-m depth in SOH-4. The 
heulandite crystals are partly coated by frosted, botryoidal, clusters of bladed 
cristobalite crystals.
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21. Scanning electron micrograph of a vesicle filling from 744.5-m depth in SOH-4 that 
contains hemispherical and radiating clusters of colorless, prismatic, phillipsite 
crystals. XRD also shows the presence of smectite.
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22. Scanning electron micrograph of a vesicle filling from 1,570.9-m depth in SOH-4 
containing (in order of paragenesis): green, radiating, platy, smectite (Sm), crystal 
clusters; colorless, euhedral and subhedral, analcime (A) crystals; colorless, blocky, 
prehnite (Pr) crystal clusters; and a partial, thin coating of smectite (see Fig. 23).
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23. Scanning electron micrograph of colorless, blocky, prehnite crystal clusters that 
formed later than platy smectite and euhedral analcime crystals (see Fig. 22). A 
light dusting of smectite is the latest deposit in this vesicle filling from 1,570.9-m 
depth in SOH-4.

50



24. Scanning electron micrographs of: A. Radiating and hemispherical clusters of 
colorless, prismatic, phillipsite crystals (see Fig. 22) along with pyramidal 
apophyllite(?) crystal clusters lining vesicles in core from 744.5-m depth in SOH-4. 
B. The apophyllite(?) crystals are partly coated by a fibrous mineral that consists of 
Ca and Si (plus a trace of Al) in EDS.
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25. Scanning electron micrograph showing botryoidal clusters of platy crystals of an 
unidentified calcium silicate (EDS analysis) mineral that lines vesicles in core from 
744.5-m depth in SOH-4.

52



26. Scanning electron micrograph showing a honeycomb morphology typical of dark 
green, smectite, vesicle fillings (specimen is from 1,564.1-m depth in SOH-4).
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27. Scanning electron micrograph of bronze to red, tarnished, chalcopyrite cavity 
filling along with later, fibrous actinolite/tremolite(?); colorless, prismatic quartz; 
and green, platy, mixed-layer chlorite-smectite filling a cavity in core from 
1,935.8-m depth in SOH-4.
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28. Scanning electron micrograph of white, rhombic adularia crystals lining vesicles, 
along with green smectite, in core from 1,302.8-m depth in SOH-4.
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29. Scanning electron micrograph showing a cluster of colorless, plagioclase crystals 
filling a cavity at 1,734.6-m depth in SOH-4; the plagioclase crystals are sprinkled 
with particles of clay, broken plagioclase fragments, and particles resembling 
bacteria.
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30. Scanning electron micrograph showing dimpled, bacteria-like particles that were 
located on plagioclase crystals (see Fig. 29) filling a cavity in core from 1,734.6-m 
depth in SOH-4. The nearly transparent connecting "trail" between the two 
particles at the left of the SEM probably consists of a viscous slime that permits 
adsorption and shows movement of the particle across the plagioclase crystal 
surface.
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31. Scanning electron micrograph showing cubic pyrite deposited later than colorless, 
euhedral quartz crystals and before green, platy smectite on a fracture surface in 
core from 1,676.1-m depth in SOH-4.
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32. Scanning electron micrograph of bronze, tabular, hexagonal, pyrrhotite crystals
coating a fracture along with earlier green smectite in core from 1,281.5-m depth in 
SOH-4.
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33. Scanning electron micrograph showing a cavity filling of colorless, euhedral, quartz 
crystals; dark-green, platy, mixed-layer chlorite-smectite; and white, fibrous, 
actinolite/tremolite(?) in core from 1,935.8-m depth in SOH-4.
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34. Scanning electron microgaraph of euhedral, light green epidote (Ep) crystals; later, 
colorless, quartz (Q) crystals; and still later dusting of dark green, chlorite-smectite 
filling spaces between breccia fragments in core from 1,971.3-m depth in SOH-4.
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35. Plot of depth vs. TV measurements for anhydrite and quartz fluid inclusion data 
from two depths in the SOH-1 drill hole (see Table 5). Solid curve is a measured- 
temperature with depth curve after Novak and Evans (1991). T^ measurements are 
shown by histograms (N = number of TV measurements) with sample depth as the 
baseline.
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36. Plot of depth vs. IV measurements for hydrothermal quartz fluid inclusion data 
from five depths in the SOH-2 drill hole (see Table 5). Dashed curve is a 
theoretical reference boiling point with depth curve after Elder (1981, Table A5). 
Solid curve shows the measured drill-hole temperatures (Evans, 1992). T^ 
measurements are plotted as histograms with sample depth as a baseline; N is the 
number of Ti measurements.
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37. A. Photomicrographs of (A) liquid-rich, secondary(?), and (B) monophase vapor 
and vapor-rich fluid inclusions in hydrotheraial quartz crystals from 2,019.8-m 
depth in SOH-2.
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38. Plot of Th measurements vs. salinity (calculated from Tm data) for fluid inclusions 
in hydrothermal anhydrite, calcite, and quartz crystals from the SOH drill holes.
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39. Plot of depth below mean sea level vs. salinity (from melting-point temperature 
data) of fluid inclusions from the SOH drill holes.
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40. Plot of depth beneath the ground surface vs. T^ measurements of fluid inclusions in 
hydrothermal anhydrite, calcite, and quartz crystals from ten locations in SOH-4 
(Table 5). Dashed curve is a theoretical reference boiling point with depth curve for 
pure water originating at the ground surface (after data in Table A5 of Elder, 1981). 
Dotted curve is a theoretical reference boiling-point curve for pure water originating 
at 1 km beneath the present ground surface. Solid curve shows the measured drill 
hole temperatures for SOH-4 (after Novak and Evans, 1991). T^ measurements (N 
= number of measurements) are plotted as histograms with sample depth as a 
baseline.
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41. Photomicrographs of fluid inclusions from drill hole SOH-4 showing: A. liquid- 
rich, secondary fluid inclusions in calcite from 1,886.4-m depth; B. liquid-rich, 
secondary fluid inclusions in anhydrite from 1,771.7-m depth;
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41. C. liquid-rich, secondary and vapor-rich (secondary or primary?) fluid inclusions in 
quartz from 1,959.7-m depth.
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Table 1. Electron microprobe analyses of analcime from the SOH drill holes.

Sample no. 

Analysis no.-

SOH-24108.

1 2

.8

3

SOH-45131

1 2 3 4 5

Major-element chemical analyses (weight percent oxides)

Si02 --------
AHOa -/\12U3 ------- 
FeoOi -------rc^w^ 
MgO--------
MnO --------
PaO
C* /~\orU --------
BaO--------
NaoO
TToO

Total -------

54.63 
23.72 
0.00 
0.01 
0.00 
0.43 
0.11 
0.01 

14.17 
0.04

93.12

53.98 
24.06 
0.00 
0.00 
0.00 
0.51 
0.04 
0.13 

14.18 
0.03

92.93

54.46 
23.94 
0.04 
0.00 
0.00 
0.51 
0.02 
0.00 

14.31 
0.02

93.30

Number of atoms on

<3i

Al
Fe ----------
Mg--------- 
Mn ---------
Pa
Sr----------
Ba ---------
"NTa

Si+Al -------
Si/Al+Fe3+ - - - 
Si/Si+Al+Fe3+ - 
Balance Error*- -

31.69 
16.22 
0.00 
0.01 
0.00 
0.26 
0.04 
0.00 

15.93 
0.03

47.91 
1.95 
0.66

-2.23

31.43 
16.51 
0.00 
0.00 
0.00 
0.32 
0.01 
0.03 

16.01 
0.02

47.94 
1.90 
0.66 

-1.50

31.55 
16.35 
0.02 
0.00 
0.00 
0.31 
0.01 
0.00 

16.08 
0.01

47.90 
1.93 
0.66

-2.22

56.04 
22.96 
0.00 
0.02 
0.01 
0.92 
0.00 
0.05 

12.90 
0.07

92.97

54.41 
23.06 
0.00 
0.00 
0.00 
0.88 
0.02 
0.02 

12.89 
0.06

91.34

55.95 
22.71 
0.00 
0.01 
0.03 
0.93 
0.05 
0.00 

12.45 
0.05

92.18

56.28 
22.65 
0.00 
0.00 
0.00 
1.28 
0.07 
0.00 

12.70 
0.05

93.03

56.05 
22.67 
0.01 
0.00 
0.02 
1.24 
0.02 
0.00 

12.67 
0.06

92.74

the basis of 96 oxygens

32.36 
15.63 
0.00 
0.01 
0.01 
0.57 
0.00 
0.01 

14.44 
0.05

47.98 
2.07 
0.67 

-1.18

32.03 
16.00 
0.00 
0.00 
0.00 
0.56 
0.01 
0.00 

14.72 
0.04

48.03 
2.00 
0.67 
0.68

32.51 
15.56 
0.00 
0.01 
0.02 
0.58 
0.02 
0.00 

14.03 
0.04

48.06 
2.09 
0.68 
1.63

32.48 
15.41 
0.00 
0.00 
0.00 
0.79 
0.02 
0.00 

14.21 
0.04

47.89 
2.11 
0.68 

-2.88

32.44 
15.47 
0.01 
0.00 
0.01 
0.77 
0.01 
0.00 

14.22 
0.04

47.91 
2.10 
0.68 
2.29

^Determined by method of Passaglia (1970)
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Table 6. Approximate measured temperatures (in *C) at which hydrothermal minerals occur in the Kilauea ERZ 
SOH drill holes compared with drill holes in Iceland and other geothermal areas

Mineral

Analcime
Chabazite
Erionite
Heulandite
Mordenite
Phillipsite
Wairakite

Apophyllite
Gyrolite
Truscottite
Tobermorite
Xonotlite

Aragonite
Calcite

Smectite
Chlorite-smectite
Chlorite
Kaolinite-serpentine
Talc

Opal
Cristobalite
Chalcedony
Quartz

Adularia
Albite
Prehnite
Epidote
Actinolite-Tremolite
Biotite(?)
Garnet

Anhydrite
Gypsum

Pyrite
Chalcopyrite
Pyrrhotite
Galena
Sphalerite

Hematite

SOH-1

<50-205
<50-60

133-165
120-206
<50-60

<50-133
110-185

<40-42
<40-206

40-206

175

165-200
156-205
156-206

93-185
<40-93

<40-205

SOH-2

134-300

138

160-270

240
138-165

170-347

<60-340
173-349
270-349

214
295-350

167-349
175-349

134-302
176-265

285-338
324-349

326
322

138-348
168-177

<60-349
302-326

334
302
302

290-338

SOH-4

<100-265

<100-152
70-152

70
265

70

226-265
230

230-260

<100-305

<100-306
158-298
260-306

290-302

<100
126-150
150-290
154-306

148-252
228-304
230-232

304
300-302

222-306
<100-222

100-255
298-306

167

<100-246

Iceland*

<100-300
<75

60-170
80-230

60-85
180-300

<200
<200

24-149

<270

<200
200-240

<100-240+

<90

<100
100-300+

220-300
210-240

>230-300+
280+

60-300

<100-350+

Other areas^

<110

7

?

7
<100-350

<150
100-200

<100-350
7

290-320

<100-210
<40-240
150-300+

150-300+
100-350
220-350
220-350
260-400
270-340+
250-300+

<70

100-300+
250-350
150-350
280-320

<100-250

from:
T6masson and Kristmannsdottir (1972) 
Kristmannsd6ttir (1975) 
Kristmannsd6ttir and T6masson (1978) 
Kristmannsd6ttir (1979) 
Jakobsson and Moore (1986) 
Fridleifsson (1991)

from:
Honda and Muffler (1970) 
Keith etal. (1978) 
Holland and Malinin (1979) 
Elders etal. (1979) 
Cavarretta et al. (1982) 
Leach etal. (1983) 
Aumento and Liguori (1986) 
Hulen and Nielson (1986) 
White etal. (1988)


